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Wednesday, February 11, 2015 569aThese complex LCRs tend to live longer and propagate farther via calcium-
induced-calcium release, thus occupying larger areas. Release events that
don’t share any intensity level with other events are calcium sparks that do
not live for a long time and do not propagate. Collisions and splits of LCRs
are handled as follows. When an LCR separates into different parts, all parts
are still considered part of the LCR. On the other hand, when an LCR collides
with another, the one with the weaker signal mass is considered dead and the
one with the larger signal mass takes its signal mass as its own. An LCR
may also die by stochastic attrition when all its components fade out.
Under voltage clamp, LCR areas and signal masses were paradoxically
smaller at larger Pup, likely reflecting uptake of cytosolic calcium before it
can propagate. Under spontaneous beating conditions, however, higher Pup
greatly increased diastolic LCR signal mass and beating rate as predicted
by the coupled-clock theory. Interestingly, the total integral of all LCRs
during diastolic depolarization in both cases remained almost the same as
longer integration time with smaller events is comparable to shorter time
with larger events.
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Spontaneous firing of sinoatrial node cells (SANC) is controlled by sarco-
plasmic reticulum (SR) generated local subsarcolemmal Ca2þ releases
(LCRs), which appear during diastolic depolarization (DD) and activate an in-
ward Naþ-Ca2þexchange current to regulate DD and SANC beating rate. We
have previously demonstrated that constitutive PLC activation is critical for
regulation of Ca2þ cycling and spontaneous beating of rabbit SANC. PLC
could be activated by multiple pathways, including the cAMP mediator,
Epac, or activation of EGFR. Activation of Epac signaling by cpTOME,
however, was without effect on the spontaneous SANC beating rate, ruling
this pathway out. Whether EGFR is present in rabbit SANC or involved in
the regulation of cardiac pacemaker function is unknown. Here we report
that both EGFR and PLC (assessed by RNA-sequencing) are expressed in
rabbit SANC. Specific EGFR inhibitor AG1478 decreased the DD rate and
spontaneous SANC beating rate (perforated patch-clamp recordings). Further-
more, EGFR inhibition by AG1478, in a time-dependent manner, suppressed
LCRs (confocal microscopy, Ca2þ indicator Fluo-3), i.e. decreased average
LCR’s size, number per each spontaneous cycle and prolonged the LCR period
(the interval between AP-induced Ca2þ transient and subsequent LCR); and
subsequently eliminated LCRs and abolished SANC firing. The time- depen-
dent increase in the LCR period in response to AG1478 predicted the concom-
itant increase in the spontaneous cycle length, suggesting that Ca2þ cycling
could be a major target of EGFR-PLC-dependent regulation of SANC firing.
All effects of AG1478 were reversible upon washout. We conclude that
basal EGFR-PLC-dependent regulation of SR Ca2þ cycling and LCR charac-
teristics represent novel mechanism to control normal automaticity of cardiac
pacemaker cells.
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The contribution of diastolic Local Calcium-Releases (LCRs) to sinoatrial-
node-cell pacemaker function is presently approximated by three numerical
models: 1)‘‘common-pool’’ (Maltsev-Lakatta,2009); 2)‘‘2D’’ (Anna Maltsev
et al.,2011-2013); 3)‘‘3D’’ (Stern et al.,2014). While the most advanced
3D-model describes stochastic states of each ryanodine receptor (RyR) and
L-type calcium-channel, its high computational demand prevents parametric
sensitivity analyses. Here we developed a new 3D-model having a lower
computational demand, but reproducing all essential features of calcium
dynamics measured in isolated rabbit SA node cells by SIM (achieving
approximately double the resolution of conventional microscopy). Our cell-
cross-section SIM measurements revealed that LCRs occur mainly within
~1 mm under the plasma membrane, in line with immunofluorescence
data on RyR cluster localization. Therefore, the model cell interior is approx-imated by only three layers of diffusively linked intracellular voxels: sub-
membrane (20 nm), ring (1 mm), and core cylinder. Each submembrane
RyR cluster is approximated as a Calcium-Release Unit (CRU) residing
within the respective junctional SR linked to free SR which pumps/collects
cytosolic calcium. Instead of assuming a fixed restitution period like prior
2D-models, the release activation and termination are controlled in each
CRU by local calcium-dependent mechanisms (based on RyR interactions
via Calium-Induced-Calcium-Release, reported recently). The new model
simulations are substantially faster (vs. the original 3D-model), but predict
all essential features of LCRs crucial for pacemaker rate autonomic modula-
tion. Thus, super-resolution SIM allowed fine localization of calcium-
dynamics and validated the new model of integrated cardiac pacemaker cell
function at the level of individual CRUs, filling an important niche between
individual-molecule-level detail and common pool models (lacking LCRs).
This new faster 3D-model allows parametric sensitivity analyses and provides
a new mechanistic formulation of CRU function that is important for multi-
scale modeling of heart function.
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A major postulate of a modern coupled-clock pacemaker-cell theory is based
upon electrochemical driving force for sodium and calcium (ENa and ECa).
However, [sodium] gradients and their changes induced by glycosides (inhib-
iting sodium/potassium-ATPase) have never been measured. We measured
time-dependent changes in intracellular [sodium](Nai), [calcium](Cai),
and action-potentials (AP) [using Sodium-Binding-Benzofuran-Isophthalate
(SBFI), Indo-1, and perforated patch-clamp, respectively] induced by cardiac
glycosides (digoxegenin, 10mM) in single, isolated rabbit sinoatrial node
cells. During 5 minutes of drug application spontaneous AP firing rate under-
went biphasic changes, i.e. an increase followed by a decrease. During this
time Nai monotonically increased from 8.550.6 mM to 13.151.1 mM
(n¼7 cells). The diastolic Cai also monotonically increased 12456 nM to
149511 nM (n¼5). This Cai increase and biphasic drug effect on AP firing
rate were closely reproduced by a coupled-clock Maltsev-Lakatta model sim-
ulations when the experimentally measured Nai time course was included
in the model as an independent parameter. Model simulations also repro-
duced the initial AP rate increase via a moderate Cai increase (predicted
by the model and validated by our Cai measurements). Specifically, when
more cell calcium is available for pumping and release, it boosts the calcium
clock, driving membrane clocks and the entire coupled-clock system.
According to model predictions, subsequent marked increases in Nai and
Cai collapse ENa and ECa and lead to AP rate decrease and dysrhythmic
beating as sodium/calcium-exchanger current decreases, resulting in
clock uncoupling. Thus, our results not only explain the complex glycoside
effects on pacemaker cell AP-firing rate, but also provide new evidence
supporting the idea that the normal automaticity of SANC emerges from
coupled-clock functions, i.e. Cai and membrane ionic currents, that are
controlled by sodium and calcium gradients to regulate sodium/calcium-
exchanger current.
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A modern view on regulation of cardiac pacemaker cell function postulates
that local calcium releases (LCRs) contribute to diastolic depolarization via
electrogenic sodium/calcium exchanger. An unresolved problem, however,
remains: how intrinsically stochastic and heterogeneously distributed release
channels (RyR) generate a strong, synchronized ensemble LCR signal and
how this signal is effectively regulated by autonomic system to insure pace-
maker rate flexibility.
We measured calcium dynamics by a high-speed camera in isolated, single
rabbit sinoatrial node cells (SANC) and assessed the kinetics of local
calcium-pumping synchronization by examining the distributions of time
